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Abstract 
An improved understanding of the interface situation between metal and laser-structured semiconductor for nickel-copper plated 
solar cell contacts is created by micro characterization using SEM and Raman spectroscopy. A special focus is set on laser 
ablation with high energy density and the resulting mechanical contact adhesion. This aims to increase the flexibility of the 
process towards variable cell and emitter designs. The analysis revealed two neglected aspects. First, on laser openings that were 
created with high laser energy input the thickness of the native oxide exceeds the typical dimension of 1 nm. The oxide layer 
allows metal plating, but hinders the growth of nickel silicide and thus affects the mechanical properties of the contacts. As 
shown in this work the adhesion can be improved by a more thorough etching of the oxide before plating. Second, Raman 
spectroscopy revealed that the tension under the laser processed surfaces differs for varying energy inputs only after thermal 
silicidation was performed. Inadequately chosen laser parameters causes high tension in the laser treated silicon causing 
decreased adhesion. This work reveals the value of microscopic analysis for the optimization of laser processes for metallization. 
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1. Introduction 
A front side metallization realized by ps-UV laser ablation and a plated Ni-Cu-Ag stack is an industrially feasible 
metallization for both standard and high efficiency solar cell manufacturing [1]. Cells with more than sufficient 
mechanical contact adhesion have already been realized [2, 3]. The rocess window leading to good adhesion seem 
quite narrow, plating pretreatment and thermal silicidation parameters have to be adapted for the specific laser 
process [4]. Particularly, laser contact openings processed with high energy density concerning pulse energy and 
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pulse pitch impair the contact adhesion. To understand this correlation and the underlying mechanisms the 
microstructure of surfaces at the metal silicon interface was investigated at different steps within the process chain. 
2. Sample preparation 
All investigations were conducted on monocrystalline p-type silicon solar cells featuring a random pyramid 
textured surface and a silicon nitride passivation layer locally removed with a 355 nm ps-pulsed laser (comparable 
to previous works by Kluska, et. al. [5]). According to the goal of the work different laser structuring processes were 
conducted with varying pulse pitches, leading to different energy density on the surface while ablation. After laser 
processing the native oxide was removed in a HF pretreatment, before the stepwise electrochemical deposition of 
nickel, copper and silver [6]. To analyze the effect of the pretreatment, the HF concentration and the dipping time 
was varied. This work considers the standard procedure: 1% HF for 30 s and a pretreatment in buffered 7% HF for 
7 s. After plating the cells were annealed at moderate temperatures to ensure silicidation of the interface. For 
silicidation a belt furnace was used under forming gas atmosphere at temperatures in the range of 250°C to 350°C. 
While half of the cells were used to quantify the adhesion via peel-off tests the other half was used to investigate the 
microstructures on the surface. For this, the front side metallization was removed in a cascade of ammonia solution 
and piranha etch. This etch selectively dissolves Ag, Cu and Ni, whereas nickel silicides are not affected [7]. The 
laser processed surfaces before and after the metallization sequence were examined via electron microscopy and 
Raman spectroscopy with a 532 nm excitation laser.  
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Fig. 1. Schematic process sequence and table of process settings 
3. Results 
3.1. Laser parameter variation 
With standard configuration of pretreatment (1% HF) and constant silicidation parameters the laser energy 
density of the ablation was varied. Laser processed openings with low energy input led to high adhesion (above 1 
N/mm in average) that went along with break out of large scale silicon parts (range of 3-5 mm) at the peel force test. 
Contrarily, contacts plated on laser openings with medium and high energy input showed poorer adhesion after 
silicidation (Figure 2 a). The groups with low adhesion could further be distinguished by different failing interfaces 
in the SEM. Groups with medium energy input showed small scale break out of silicon. Grooves with diameters in 
the range of 25-100 μm were found all along the contact area. The break out pattern is different to the break out at 
high peal forces and the patterns reported for silicon chipping due to wrong soldering conditions.  
In contrast, high energy density systematically led to a failing Ni-Si interface (no break out of silicon after peal-
force test). The different failing interfaces suggest a different reason for the low adhesion. The following paragraphs 
will reveal the underlying mechanism for both failing interfaces. 
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Fig. 2. (a) The diagrams show mean peel-off forces along contacts on surfaces that were structured with low (L), medium (M) and high (H) 
energy density while ablation. All samples were cleaned in 1% HF before metal deposition. (b) SEM picture of the laser processed surface 
(medium energy density) after contact peel-off. Break out of silicon chips occurs all along the contact area. (c) SEM picture of the laser processed 
surface (high energy density) after contact peel-off. The silicon surface is unharmed. 
3.2. Pretreatment variation 
Samples processed with high laser energy density were pretreated with different HF solutions after laser ablation. 
On the samples that were treated with the standard process (1% HF), SEM pictures reveal a blurred inhomogeneous 
layer on the laser structured area after pretreat. This layer is not detectable for the more aggressive 7% HF 
pretreatment. The comparison of EDX spectra that were taken within inhomogeneous layer on the 1% HF treated 
sample reveals that the layer consists of silicon oxide indicated by the strong oxygen signal. On the 7% HF treated 
samples no such strong oxygen signal can be observed, confirming that the oxygen layer is be removed by 7% HF 
treatment. 
 
 
Fig. 3. (a) SEM image of the laser structured surface after 1% HF and (b) after 7% HF. (c) EDX spectra taken on the structured surface after 
1% HF (dashed line) and after 7% HF (solid line). The position of the measurement is marked in the according SEM image by stars. 
The temperatures of the silicidation anneal were varied for samples with 1% HF between 250°C and 350°C. 
Average peel-off forces did not change for different silicidation temperature. The mean value for samples with high 
laser energy density and 1% HF pretreatment was 0.6 N/mm (centre horizontal line in Figure 4). By changing the 
standard pretreatment to a higher concentrated HF that fully dissolves the oxide structures, the average peel force 
increased from 0.6 N/mm to 1.2 N/mm (right horizontal line in Figure 4). The 7% HF samples were silicidation 
annealed for 30s at 250°C. Further, nickel silicides that were not present for samples with 1% HF pretreatment are 
now detectable along the surface, as presented in Figure 5. Since the surface was treated in piranha etch before the 
SEM examination all the unreacted nickel is removed. Hence, the increase of the EDX signal at the energy attributed 
to nickel proves the presence of nickel silicides.  
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Fig. 4. Peel force diagrams for different samples. From left to right: Low energy density and 1% HF, high energy density and 1%HF, high energy 
density and 7% HF. The average peel forces are indicated by shaded bars. 
The reason for insufficient adhesion on laser lines with high energy input is an unexpectedly thick oxide that is 
not removed by the standard pretreatment procedure and hinders silicide formation. Removing the oxide by a 
tougher pretreatment allows for silicidation of the Ni-Si-interface already at temperatures as low as 250°C. The 
formation of nickel silicides goes along with an increase of the adhesion force. This may indicate that the chemical 
bond of silicon and nickel enhances the contact adhesion. 
 
 Fig. 5. (a) SEM image of the laser structured surface after 1% HF and (b) after 7% HF. Both detected after etch back of the silicidized 
metallization. (c) EDX spectra taken on the structured surface after 1% HF (dashed line) and after 7% HF (solid line). The position of the 
measurement is marked in the according SEM image by circles. 
3.3. Influence of silicidation 
The second part of the work was to investigate the mechanism that leads to break out of microscopic silicon chips 
at low peal forces. A common explanation for break out of silicon chips along with low peel forces are inappropriate 
soldering conditions, but also impairments of the silicon crystal by a precedent process could cause this effect. Since 
soldering is necessary for standard peel-off tests, another method to evaluate the contact quality is needed. 
Therefore, samples of the process groups showing low adhesion and break out of silicon in the peel force test were 
examined with Raman spectroscopy before soldering. The spectral peak position of the signal attributed to 
crystalline silicon that is obtained by fitting a Lorenz function to the measured photon energy distribution is 
correlated to the local phonon energy in exited volume and thus is influenced by stress [5, 8]. Four samples are 
compared with respect to the average spectral Raman peak position of 2500 spectra that were taken in an area of 
25 75 125
0.0
0.5
1.0
1.5
2.0
2.5
3.0
25 75 125 25 75 125
0.0
0.5
1.0
1.5
2.0
2.5
3.0low 
energy density
1 % HF
P
ee
l F
or
ce
 (N
/m
m
)
Distances along Busbar (mm)
high 
energy density
7% HF
high 
energy density
1% HF
H L H 
(c)(b) (a) 
 
1% HF 
 
7% HF 
0
5
10
15
20
25
0.8 0.9 1.0
KDNickel= 0.87 keV
KDNickel= 0.85 keV
C
ou
nt
s 
pe
r s
ec
on
d
Energy (keV)
EDX: Nickel
1% HF 
7% HF 
 Andreas Büchler et al. /  Energy Procedia  92 ( 2016 )  913 – 918 917
25 x 25 μm within the laser structured area and as reference in the unprocessed area. Samples associated with good 
adhesion and samples associated with low adhesion with silicon break out were measured right after laser ablation 
and again after the silcidation anneal and a subsequent etch cascade.  
 
 
Fig. 6. Results of Raman spectroscopy after laser ablation (left) and after silicidation (right). The spectra were taken on the laser structured areas 
processed with low and medium energy input. As a reference the samples were also measured on the unprocessed area. Scatterplot: Average peak 
position as obtained by fitting the spectra with a Lorenz function. Bars: The stress compared to the reference area as derived  
 
The results on the right side of the diagram in figure 6 show that there is no difference of the peak positions 
within the measurement accuracy reference surface and the laser treated surfaces when analyzed right after laser 
ablation. There are no impairments detectable (by Raman spectroscopy) that occur as a direct consequence of the 
laser process. However, the scattering of the peak position increases noticeably after the laser treatment. The 
situation changes when the Raman spectra are measured again after silicidation. Then, the average position on both 
of the samples was clearly shifted towards higher energy values, while the reference area shows no change in the 
Raman signal. The Raman peak shift is more severe on openings processed with medium energy density then on 
samples processed with low energy density. The peak shift can be associated to compressive stress [9]. Hence, the 
contact interface on areas structured with medium energy density and associated with silicon break out is stressed 
more severe than areas processed with lower energy density.  
An exact explanation still has to be found. Nevertheless the results suggest the mechanism that lowers the 
adhesion depends on the laser energy density and that stress emerges due to the silicidation anneal. Particularly, the 
impairments arise already before soldering. Two possible reasons for silicidation induced stress are the different 
expansion coefficients of silicon and the plated metals and the formation of big nickel silicide structures. Higher 
laser energy densities either cause an increased density of crystal defects that promote silicide growth and due to 
different energy densities the geometry of the ablated area changes. This may affect propagation of strain between 
metal and silicon. Hence the dependence of stress formation on silicide growth and on the geometry of the ablated 
area need to be further examined. 
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4. Conclusion 
While using the standard configuration of pretreat and silicidation, just laser parameters with low energy density 
led to sufficient adhesion, insights from micro characterization of the Ni-Si-interface helped to optimize the pretreat 
in a way that even laser ablation using higher energy density allows for adhesion forces well above 1 N/mm.  
As a start, samples that were processed with different laser energy settings and pretreated with the standard etch 
solution showed different adhesion forces according to the laser parameter. The macroscopic peel-force test was 
supplemented by SEM studies of the failing interface. As a result, different failing mechanisms that cause low 
adhesion could be distinguished: One mechanism leads to contact peel off at the Ni-Si interface, the other to a break 
out of silicon featuring microscopic grooves along the contact area. Subsequently, the reasons for both failing 
mechanism were revealed by SEM and Raman spectroscopy. SEM studies at several steps of the process chain 
revealed that the insufficient adhesion of the nickel layer on silicon that systematically occurs on areas structured 
with high energy densities is cause by residual oxide layers that are not dissolved in the standard 1% HF plating 
pretreatment. As shown within this work, a harsher pretreat that removes all oxide structures, enables growth of 
nickel silicides and high adhesion forces even on areas processed with high laser energy density.  
The failing mechanism that features break out of microscopic silicon chips was understood using Raman 
spectroscopy. Analyzing the spectral position of the Raman signal attributed to crystalline signal on differently 
laser-structured surfaces right after lasering and after silicidation allowed to track the emergence of stress in the 
surface near volume. There is no stress in the surface region right after lasering. But after silicidation the stress is 
systematically higher for process configurations that cause low adhesion forces and silicon break out. Hence, 
silicidation induces stress causes break out of silicon at low peel forces.  
The results show that there is a wide range of possible process routes that enable good adhesion of plated Ni-Cu-
Ag contacts. The pretreatment needs to be adjusted to the laser ablation parameters in order to ensure a complete 
removal of all interface oxides before plating. Silicidation parameters need to be adapted to the laser ablation 
parameters to avoid the propagation of stress while silicidation.  
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